Abstract. Flowering pears are popular landscape plants due to a combination of desirable traits including broad adaptability, pest resistance, and attractive ornamental features. However, in some areas, flowering pears readily reseed and naturalize. Considering the value and utility of these trees, the development of infertile cultivars would be desirable. Breeding of triploid plants is one of the approaches that has been successfully used to develop seedless cultivars of many crops. The objective of this study was to evaluate female fertility and reproductive pathways of triploid flowering pear hybrids. Female fertility was characterized by evaluating fruit set, seeds per fruit, seed germination, seedlings per flower, and percent relative fertility [(seedlings per flower for triploid/ seedlings per flower for diploid control) 3 100]. Flow cytometry was used to determine relative genome sizes and ploidy levels of female parents, seedlings, and seeds (both embryo and endosperm) and to make inferences regarding reproductive pathways. Mean holoploid genome sizes were confirmed for the diploid [1.25 ± 0.05 (SE) pg] and triploid [1.88 ± 0.12 (SE) pg] female parents. Relative female fertility was significantly reduced in triploids, but varied considerably among accessions and ranged from 0.0% to 33.6%. Of the 13 triploids used in this study, five accessions had a relative fertility of <2%. One accession had no measurable female fertility. Cytometric analysis of seeds and seedlings from triploid maternal parents showed that they were predominantly abnormal aneuploids, which typically results in seedlings with reduced fitness and fertility. Fertilization with unreduced gametes, apomixis, and pseudogamy were documented in triploid-derived embryos/offspring, but were relatively uncommon. The considerable reduction in female fertility of some triploid selections, coupled with the limited production of primarily aneuploid progeny, provides desirable options for new infertile flowering pears to prevent or reduce reseeding and naturalizing.
Pyrus (Rosaceae) contains 22 species of trees originating from Asia, northern Africa, and Europe that have been cultivated extensively as both fruit and landscape plants (Challice, 1973) . Pyrus calleryana was first introduced into cultivation by E.H. Wilson in 1908 (Santamour and McArdle, 1983; Vincent, 2005) . However, it was not until the cultivar 'Bradford' was released in the 1960s by the U.S. Department of Agriculture (USDA) that the species gained widespread popularity as a landscape tree (Bell et al., 2004) . Many other cultivars of P. calleryana have been introduced since and are valued for their abundance of white flowers, showy fall color, broad pest resistance, attractive forms, and ability to thrive in the USDA plant hardiness zones 5 to 8 (potentially 9). Pyrus calleryana can be susceptible to fire blight as well as splitting and breakage of trunks and branches in older trees. More recently concerns have been raised regarding weediness (Dirr, 1998) . Pyrus calleryana is listed by the U.S. Fish and Wildlife Service as a plant invader of mid-Atlantic natural areas (Swearingen et al., 2010) . Birds eat the fruits and disperse seeds into nearby areas where it commonly naturalizes in old fields and along highways.
Development of highly infertile cultivars of P. calleryana and related hybrids would be desirable as an alternative to the fertile cultivars currently available. One approach for producing seedless plants is through the development of triploids. Triploids typically have low fertility due to a reproductive barrier whereby three sets of chromosomes cannot be divided evenly during meiosis yielding unbalanced segregation of chromosomes. Seedless bananas (Musa sp.), watermelons (Citrullus lanatus), and some citrus (Citrus sp.) are notable examples of triploid plants that have been purposefully developed to minimize seeds (Rounsaville, 2011) . This approach has also been used to develop highly infertile triploid cultivars of various species that are valuable nursery crops, but potentially weedy in some environments, including trumpet vine (Campsis ·tagliabuana) (Oates et al., 2014) , tutsan (Hypericum androsaemum) (Trueblood et al., 2010) , maiden grass (Miscanthus sinensis) , and ruellia (Ruellia simplex) (Freyre and Moseley, 2012) .
Triploids are typically highly infertile; however, limited fertility and seed production can result from the formation of apomictic embryos or through the union of aneuploid or unreduced gametes (Ramsey and Schemske, 1998; Rounsaville et al., 2011) . Flow cytometric screening of seeds and/or seedlings can often elucidate these reproductive pathways (Eeckhaut et al., 2005; Matzk et al., 2000) . Diploid plants, with standard sexual fertilization, form a 2C x (diploid) embryo and 3C x (triploid) endosperm, where 1C x represents the monoploid genome size of one complete set of chromosomes. In gametophytic apomixis, the unreduced embryo sac and gametophyte develop autonomously, without fertilization, also forming a 2C x embryo. However, the unreduced endosperm will have either a 4C x cytotype (autonomous) or greater if fertilized (pseudogamous) (Barcaccia and Albertini, 2013; Koltunow et al., 2013) . For triploids that undergo gametophytic apomixis, the embryo will be 3C x while the endosperm will be 6C x or greater. Although gametophytic apomixis involves nonreduction of the embryo sac, male gametes may also be unreduced in triploids producing 2n pollen with a 3C x cytotype (Ramsey and Schemske, 1998) . Alternatively, aneuploids are a product of unbalanced chromosome segregation in meiosis and have either missing or extra individual chromosomes (Brownfield and Kohler, 2011) . For triploids, these would result in gametes with 1.5C x cytotypes, but potentially varying substantially.
Pyrus sp., including P. calleryana, have a base chromosome number of 17 and are primarily diploid (2n = 2x = 34) with occasional triploid and tetraploid variants (Zielinski and Thompson, 1967 (Table 1) . Six additional interspecific hybrids were also interspersed with the triploids. Plants were completely randomized.
Evaluating female fertility. At flowering, three branches (evenly distributed around the perimeter) were selected on each tree, and the number of flowers (100) was counted on each branch in Spring 2014. Fruit were collected at maturity (October), counted, and seeds were extracted. Seeds were stratified for 90 d at 4°C, and then moved to a greenhouse at 18-21°C for 90 d to determine the number of viable seedlings that germinated.
Female fertility was determined based on fruit set (%), number of seeds per fruit, number of seed that germinated (%), number of seedlings per flower, and relative fertility. Relative fertility was determined by comparing the number of seedlings per flower of a triploid to the most fertile diploid control.
Flow cytometry. Flow cytometry was used to determine the genome size (DNA content) and ploidy of parents, seedlings, and seeds, and the reproductive pathways following the methods of Gillooly and Ranney (2015) and terminology of Greilhuber et al. (2005) . Four seedlings (randomly selected from the seedlings germinated during the female fertility study) and five seeds (collected separately from each tree, seedcoats were removed before testing) were sampled for each female parent, if available.
Plant tissue was placed in a 55-mm plastic petri dish, along with 0.5-cm 2 Pisum sativum L. 'Ctirad' leaf tissue, an internal standard with known genome size of 2C = 9.09 pg. Then, 400 mL of extraction buffer (CyStain UV Precise P nuclei extraction buffer; Partec, Munster, Germany) was added to the petri Table 1 . Ploidy, relative holoploid genome size, female reproductive characteristics, and reproductive pathways for selected diploid and triploid flowering pears. Accession Reproductive pathways are described in Table 3. x Groups are based on ODA (2011) criterion to approve cultivars, where relative fertility must be below 2% of controls; group A includes triploid accessions with relative fertility <2%, group B includes triploid accessions with relative fertility >2%, and group C are the diploid controls.
w Values are mean ± 1 SE (n = 3-4).
v Seeds with adequate embryo and endosperm tissue could not be found for analysis.
HORTSCIENCE VOL. 51(8) AUGUST 2016 dish. Material was finely chopped for 30 to 60 s with a razor blade and incubated at room temperature for 30 to 300 s. The suspension was filtered through Partec 50-mm CellTrics disposable filters into a sample tube. Nuclei were stained with 1.6 mL of 4#,6-diamindino-2-phenylindole. Samples were again incubated for 30 to 60 s. Nuclei were analyzed using a flow cytometer (Partec PA II) with the blue florescence channel. Genome sizes of samples were calculated as: (mean florescence of unknown/mean florescence of known standard) · genome size of known standard. Data analysis was conducted using analysis of variance (Proc GLM, SAS 9.3; SAS Institute Inc.). Mean separations for ploidy and fertility classes were conducted using the Waller-Duncan K-ratio t test.
Results and Discussion
Genome sizes. Mean holoploid genome size of the diploid cytotypes was 1.25 ± 0.05 (SE) pg while the mean for triploids was 1.88 ± 0.12 (SE) pg, 50% greater, consistent with having three sets of chromosomes (Table 1 ). The tetraploid parents had a mean genome size of 2.63 ± 0.06 (SE) pg. These values are similar to those presented by Dickson et al. (1992) for P. calleryana with a 1C x genome size of 0.63 pg.
Female fertility. Fruit set, seeds per fruit, germination, seedlings per flower, and relative fertility varied considerably among individual triploid clones and diploid controls (Table 1) . Many triploids had reduced fertility that resulted from a reduction in different components of female fertility. For example, some triploid accessions had very low fruit set (e.g., H2008-047-008, 0.3%), low seeds per fruit (e.g., H2008-049-015, 0.33 seeds/ fruit) and/or low germination (e.g., H2008-048-010, 2.04% germination).
Relative female fertility represents the number of seedlings germinated per flower, relative to the most fertile diploid control, diploid 3. Relative fertility among the triploids ranged from 0.00% to 33.63%. Of the 13 triploids used in this study, five accessions had a relative fertility of <2%. One accession, H2008-047-008, had no measurable female fertility.
Although absolute sterility is difficult to achieve and/or document (i.e., difficulty in proving a negative), a common approach has been to set a limit for an acceptable level of fertility. For example, the Oregon Department of Agriculture (ODA) (2011) considers cultivars of Buddleia that produce less than 2% viable seeds (i.e., 98% reduction in female fertility relative to a standard fertile cultivar) to be sufficiently infertile for placement on an ODA-approved list for propagation, transportation, and sale in Oregon. Triploid pear hybrids in this study that met that criterion were categorized in group A (Tables 1 and 2 ), while triploid hybrids that did not meet this criterion were categorized in group B. Diploid controls were designated as group C. Comparing these three groups (Table 2) showed no significant difference in percent fruit set. However, the number of seeds per fruit was significantly different between all three groups with group A having the least number of seeds and group C having the most. Groups A and B (all confirmed triploids) were significantly lower than group C (diploid controls) for germination percent, number of seedlings per flower, and relative fertility. These results indicate that some triploids had very low fertility, due to low number of seeds per fruit and low germination, even though they produced some fruit.
Reproductive pathways. The diploid maternal parents produced offspring with genome sizes consistent with diploids or slightly below (Fig. 1) . The progeny from maternal triploids was variable with holoploid genome sizes ranging from 1.35 to 3.11 pg, with a mean of 1.70 pg. The majority (90%) of the triploid progeny had a genome size near a triploid level or between diploid and triploid levels, which indicated that these parents were producing predominantly abnormal aneuploid gametes. Aneuploids typically have reduced fitness and fertility and can suffer from abnormal development (Ramsey and Schemske, 1998) . However, a few progeny (4%) from maternal triploids had genome sizes near diploid levels, indicating that a generational reversion to a diploid or near diploid cytotype may be possible in limited instances. A limited number of progeny (6%) had genome sizes greater than triploid, including near tetraploid and above. This result indicated some fertilization from unreduced gametes from one or both parents.
Flow cytometry of seeds from openpollinated diploid maternal parents demonstrated a range of reproductive pathways with both asexual and sexual modes (Tables 1 and  3 ; Fig. 1 ). Most seeds from diploid maternal parents demonstrated standard sexual fertilization of a reduced embryo sac (1C x egg and 2C x polar nuclei) by reduced male gametes (1C x ) (pathway 1, Table 3 ). However, one seed from a diploid maternal parent had a 2C x /6C x embryo/endosperm cytotype, indicating an unreduced and unfertilized embryo and unreduced polar nuclei fertilized by an unreduced male gamete (pathway 2, Table 3 ), a form of apomixis/pseudogamy.
Seeds from open-pollinated triploid maternal parents also demonstrated multiple reproductive pathways. Most of the seeds from triploid females appeared to form by fertilization of a reduced aneuploid embryo sac (1.5C x egg and 3C x polar nuclei) by reduced, aneuploid male gametes (1.5C) Group A includes triploid accessions with relative fertility <2%, group B includes triploid accessions with relative fertility $2%, and group C are diploid controls. y Mean followed by the same letter within a column are not significantly different based on Waller-Duncan K-ratio t test, P < 0.05. resulting in an 3C x embryo and 4.5C x endosperm (pathway 3, Table 3 ). In one instance, a triploid maternal parent produced a 3C x /6C x embryo/endosperm cytotype indicating an apomictic origin from an unreduced embryo sac without fertilization (pathway 4, Table 3 ). There was also one instance of a 3C x /7.5C x embryo/endosperm cytotype indicating an unreduced embryo sac with fertilization of just the polar nuclei by a reduced, aneuploid male gamete (1.5C x ). Analysis of seedlings also showed occasional fertilization by unreduced gametes, as previously mentioned (based on seedlings with ploidy higher than triploid, including near tetraploid and above). Using triploids as a means to minimize fertility of weedy species has been successful in many species. The development of triploid M. sinensis, H. androsaemum, and Campsis 'Chastity' showed reduction in relative fertility often exceeding 98% (Oates et al., 2014; Rounsaville et al., 2011; Trueblood et al., 2010) . Similar to the present study, the limited seedlings that arose from triploid maternal M. sinensis were also mostly aneuploids . Ranney et al. (2004) researched on reproductive pathways in diploid and triploid flowering crabapples (Malus sp.), also in Rosaceae, and documented pseudogamy, aneuploidy, unreduced gametes, and some apomictic embryos.
In conclusion, this study documented that many triploid flowering pear cytotypes displayed a substantial reduction in fertility (as much as 100%). However, it is also important to consider the fitness and cytogenetics of any seedlings that are produced. Of the limited seedlings that were derived from triploid maternal parents, most were abnormal aneuploids with the infrequent production of some apparent isoploids/euploids (2x and 4x). Flow cytometry of seeds and seedlings from some triploid maternal parents showed a low frequency of multiple reproductive pathways including standard double fertilization with reduced aneuploid gametes, fertilization with unreduced gametes, apomixis, and pseudogamy. These results indicate that selection of highly infertile triploid cultivars is a viable approach to reduce or eliminate the selfsowing of flowering pears in the landscape. Unreduced embryo sac, fertilization of both the egg and polar nuclei.
